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1
PHOTOCROSSLINKABLE POLY
(CAPROLACTONE FUMARATE)

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority from U.S. Provisional
Patent Application No. 60/627,079 filed Nov. 12, 2004.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
ARO045871 and EB003060 awarded by the National Institutes
of' Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to photocrosslinkable, biode-
gradable polymeric materials that in one application can be
injected and then hardened in situ to form scaffolds for tissue
and/or skeletal reconstruction.

2. Description of the Related Art

The clinical needs for bone regeneration are diverse, and
there are roughly 1,000,000 patients who have skeletal
defects each year in the United States that require bone graft
procedures to achieve union. These include applications aris-
ing from resection of primary and metastatic tumors, bone
loss after skeletal trauma, primary and revision total joint
arthroplasty with bone deficiency, spinal arthrodesis, and tra-
becular voids following osteoporotic insufficiency fractures.
Current clinical decision making in the selection, preparation
and application of bone graft materials often involves many
factors. From a structural perspective, several decisions need
to be addressed prior to deciding on a surgical management
plan.

First, the type of bone lost must be determined. The defect
may be trabecular bone, cortical bone, or a combination of
both structural bone types. Second, the nature of the defect
must be defined, whether it is contained and has a bony or soft
tissue shell, or is non-contained and represents a segmental
loss of bone continuity. Third, the size of the defect (size of
trabecular voids or length of segmental defects) must be
determined. Mechanical issues that enter into the graft selec-
tion decision include the skeletal location of the defect to be
reconstructed and the anticipated loads in that location. In
addition, biologic issues such as host co-morbidities (for
example, diabetes) may all have an effect on the bone graft
incorporation process. Finally, surgical issues that play a role
in the selection of graft material include consideration regard-
ing the size of the surgical access portal relative to the size of
the defect.

Current clinical methods of treating skeletal defects
involve bone transplantation or the use of other materials to
restore continuity. Autologous bone graft has been the gold
standard of bone replacement because it provides such essen-
tial elements as osteogenic cells, osteoinductive factors, and
an osteoconductive matrix for healing. However, the limited
supply of autograft bone, and donor site morbidity both
restrict the spectrum of cases in which it can be used alone.
Allograft bone, although available in abundant supply, has
drawbacks that include reduced rates of graft incorporation
compared to autograft bone, and the possibility of pathogen
transfer from donor to host.

Metals provide immediate mechanical support at the defect
site but exhibit less than ideal overall integration with host
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tissue and can eventually fail dueto fatigue loading if the bone
does not heal prior to fatigue failure of the metal. Ceramics,
such as f-tricalcium phosphate (3-TCP) and hydroxyapatite
are both osteoconductive, and have found clinical use as
surface coatings on metal prostheses to enhance bonding of
those prostheses to bone. In particulate form, they offer
increased mechanical strength to polymeric composite mate-
rials primarily in compression, but are less effective in
enhancing resistance to torsional and bending forces. Poly
(methyl methacrylate) bone cement can be injected or molded
and is sometimes used to fill both cavitary and segmental
defects, such as those that result from the curettage of a giant
cell tumor or from the resection of a vertebral body in meta-
static disease to the spine, respectively. However, the tem-
perature can rise up to 100° C. during the exothermic poly-
merization reaction, and the heat released risks local tissue
injury. Additionally, poly(methyl methacrylate) is non-biode-
gradable and can thus accumulate fatigue damage with time
and eventually undergo mechanical failure.

Synthetic biodegradable polymers may provide treatment
options not currently available. These materials can be manu-
factured in virtually unlimited supply and the flexibility in
their design allows the synthesis of a wide range of polymers
with varying mechanical, biologic, degradation, and rheo-
logic properties. For instance, their mechanical and degrada-
tion properties can be manipulated by changing the polymer
molecular weight during synthesis, and can thus be tailored to
fit a particular application. The injectable nature of the skel-
etal regeneration biomaterial would be ideal to fill defects
with limited accessibility or irregular shape. For example,
minimally invasive endoscopic techniques now in clinical use
would allow the injectable form of the biomaterial to be
inserted for posterolateral intertransverse process spinal
fusion. This would decrease the surgical trauma from the
extensive exposure and muscle stripping that must now be
done to put the graft material into position. The injectable
material could be placed into cancellous voids from periar-
ticular fractures, osteoporotic spinal fractures, or bone cysts
without creating a large access hole in the surrounding corti-
cal bone. These clinical situations represent the motivation
for the development of injectable biodegradable polymeric
composite materials for bone tissue engineering.

Thus, biodegradable scaffolds that can be injected and
crosslinked in situ to fill defects offer attractive additions to
existing methods (see, Yaszemski et al., “Clinical needs for
bone tissue engineering technology”, in Bone Engineering, J.
E. Davis, Ed. Toronto, Em Squared, 2000, pp. 541-547).
Recently developed injectable materials have fulfilled many
design criteria for diverse orthopedic applications. A candi-
date material of this type is poly(propylene fumarate) (PPF),
an unsaturated linear polyester that can be modified or
crosslinked through its fumarate double bonds. PPF degrades
by simple hydrolysis of the ester bonds and the degradation
time depends on polymer characteristics such as molecular
weight, type of crosslinker, and crosslinking density.
Although many efforts have been made to explore the appli-
cations of PPF-based materials, there are still many important
limitations of this material. The propylene glycol in each
repeating unit provides only one free rotating carbon-carbon
bond that contributes to the rigidity of the PPF polymer chain.
In addition, a crosslinker is needed to form crosslinked PPF
networks via redox initiation, which may lead to cytotoxicity
associated with unreacted crosslinking monomers.

Poly(e-caprolactone) (PCL) is a well-known biodegrad-
able polymer and FDA-approved for use as resorbable
sutures. It has excellent biocompatibility and flexibility. PCL.
was recently studied as a potential material for a temporary
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joint spacer (Elfick, Biomaterials, 23, p. 4463-4467, 2002)
and tissue-engineered skin (Ng, Tissue Engineering, 7, p.
441-455, 2001).

An injectable copolymer based on PCL and fumarate seg-
ments, poly(caprolactone fumarate) (PCLF) is described in
PCT International Patent Application No. WO 2005/004811.
Due to the presence of PCL unit, the PCLF chain is much
more flexible than the PPF chain. This renders PCLF self-
crosslinkable by redox initiation without the use of any
crosslinker.

The previously developed PCLF, however, has a dark
brown color due to the proton scavenger triethylamine used in
the condensation reaction. Because of the dark color, UV
light cannot go through the PCLF material to allow it to
crosslink efficiently by photoinitiation. Photocrosslinking is
the formation of a covalent linkage between two macromol-
ecules or between two different parts of one macromolecule.
Photocrosslinking allows in vivo curing, which provides
great flexibility for the placement and handling of implant-
able polymers for surgeons. The main advantages of photo-
crosslinking over other crosslinking techniques are spatial
and temporal control of the polymerization, fast curing rates
at room temperature, and ease of fashioning and flexibility
during implantation (see Anseth, Nature Biotechnology, 17,
p. 156-159, 1999).

Therefore, there is a need for photocrosslinkable poly(ca-
prolactone fumarate), and in particular there is a need for
photocrosslinkable poly(caprolactone fumarate) that is use-
ful as a biocompatible, bioresorbable, injectable, and in-situ
hardening scaffold for tissue engineering applications.

SUMMARY OF THE INVENTION

The invention provides a colorless or light-colored poly
(caprolactone fumarate) that it is self-crosslinkable by both
redox initiation and photoinitiation. It is useful as an inject-
able material in various research and clinical applications. In
addition, the colorless or light-colored poly(caprolactone
fumarate) does not interfere with various cell and tissue stain-
ing techniques. Thus, the poly(caprolactone fumarate)
according to the invention allows much greater visibility of
cells and tissues for in vitro and in vivo assays.

These and other features, aspects, and advantages of the
present invention will become better understood upon con-
sideration of the following detailed description, drawings,
and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a scheme for the synthesis of PCLF and a
self-crosslinking process for PCLF.

FIG. 2 shows FTIR spectra of PCL530 and three PCLF
macromers. FTIR means Fourier Transform Infrared Spec-
troscopy that is used to determine the chemical structure of
the polymers. As marked in FIG. 2, the absorption peaks can
be assigned to the chemical structure of the polymers herein.

FIG. 3 shows 'H NMR (400.1 MHz, CDCl,, reference
TMS) spectra of PCL530 and PCLF530 where S=solvent and
asterisks indicate signals due to methylene chloride. NMR
means Nuclear Magnetic Resonance Spectroscopy which is
used to determine the chemical structure of the polymers
herein. All chemical shifts can be well assigned to different
protons in the polymer backbone.

FIG. 4 shows *C NMR (100.6 MHz, CDCl,, reference
TMS) spectra of PCL530 and PCLF530 where S=solvent.

FIG. 5 shows DSC curves of PCLF macromers and their
PCL precursors. DSC means Differential Scanning Calorim-
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etry which is used to determine melting temperature T, glass
transition temperature T, and heat of fusion AH,, for poly-
mers. The crystallinity . of PCL in the copolymers can be
calculated by the AH,, values of copolymers and completely
crystalline PCL (AH,,“=135 J/g) and the composition ¢ of
PCL using the equation of y =[AH,,/(¢AH,,")|x100%. See
Brandrup, J.; Immergut, E. H. Eds. Polymer Handbook, 3rd
ed.; Wiley: New York, 1989.

FIG. 6 shows polarized optical microscopic graphs of
PCLF macromers (a, b, c: PCLF530, 1250, and 2000) and the
corresponding PCL diols (d, e, f: PCL530, 1250, and 2000).
(Magnification: 200x, scale bar in (a): 100 um is applicable
for all these six graphs).

FIG. 7 shows TGA thermograms of PCLF macromers and
their PCL precursors. TGA is thermogravimetric analysis
which is used to determine the weight loss and the thermal
degradation temperature T, when the temperature increases.
It can be seen in FIG. 7 that the thermal stability of the
PCLF530 is lower than those of the other two PCLF mac-
romers; nevertheless, all the PCLF macromers show higher
thermostability than their PCL precursors because of higher
molecular weights.

FIG. 8 shows typical force-deformation curves of a
crosslinked PCLF530 multi-channel tube and a cylinder
determined using DMA (Dynamic Mechanical Analyzer.

FIG. 9 shows a porous structure of one PCLF scaffold
made using a 3D printing method.

DETAILED DESCRIPTION OF THE INVENTION

The invention provides a copolymer including caprolac-
tone units and fumarate units wherein the copolymer is col-
orless or light-colored poly(caprolactone fumarate) so that
the copolymer is self-crosslinkable by both redox initiation
and photoinitiation. Preferably, the copolymer is clear when it
is in solution or melt state. In one form, the copolymer has a
number average molecular weight of 4000 daltons or greater.

A copolymer according to the invention can be prepared by
reacting a poly(caprolactone)diol, and fumaric acid or a salt
(preferably, fumaryl chloride) thereof in the presence of an
alkali metal salt. Preferably, the alkali metal salt is an alkali
metal carbonate, and most preferably, the alkali metal salt is
potassium carbonate.

The invention also provides a photocrosslinkable, biode-
gradable material including a copolymer including caprolac-
tone units and fumarate units according to the invention, and
a photoinitiator. Example photoinitiators include benzoin and
benzoin ether compounds, benzil ketal compounds,
acetophenone compounds, aminoalkylphenone compounds,
hydroxyalkylphenone compounds, acylphosphine oxides,
acylphosphine sulfides, phenylglyoxylate compounds, ben-
zophenone compounds, thioxanthone compounds, and mix-
tures thereof. In one example material, the photoinitiator is
bisacylphosphinoxide.

The material may be an injectable bone substitute or an
injectable bone cement. The injectable nature of the material
allows for the filling of defects of limited accessibility or
irregular shape. For example, minimally invasive endoscopic
techniques now in clinical use may allow the injectable form
of'the material to be inserted for posterolateral intertransverse
process spinal fusion. The injectable material could be placed
into cancellous voids from periarticular fractures,
osteoporotic spinal fractures, or bone cysts without creating a
large access hole in the surrounding cortical bone.

With respect to the injectable nature of a copolymer
according to the invention, the temperature range of injection
canbebroad, between the melting point of the mixture and the
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boiling point of the solvent used in the mixture. Normally the
polymer mixture is injected at room temperature for conve-
nience. For PPF, one component in the copolymer, the highest
temperature during the crosslinking would be around 48° C.,
while polymethylmethacrylate, the currently used bone
cement, may cause as high as 100° C. during crosslinking.
Thus, PPF has advantages over polymethylmethacrylate. For
the copolymers according to the invention, the temperature
would be even lower than 48° C. because the content of
fumarate group the only crosslinkable segment in copoly-
mers, is lower than 10%.

Because the biodegradable material according to the inven-
tion is self-crosslinking, the material does not need to include
acrosslinker. A crosslinker is typically used to help bridge the
neighboring double bonds in crosslinking. Because the self-
crosslinkable and/or photocrosslinkable, biodegradable
material according to the invention does not need any
crosslinkers, toxicity concerns in biomedical applications are
minimized; however, a crosslinker can be used.

The material according to the invention is suitable for
forming a scaffold for tissue regeneration. In one form, the
material includes a porogen to allow for the formation of a
porous scatfold. Suitable porogens include salt crystals (e.g.,
sodium chloride) that may be used in a salt leaching technique
that forms a porous scaffold. Examples of this type of particle
leaching technique can be found in U.S. Pat. Nos. 6,436,426,
6,379,962 and 5,514,378. The porogen may also be a hydro-
gel porogen as described in PCT International Publication
No. WO 2005/020849. The choice of porogen may be dic-
tated by the crosslinking process. Porogens can be used in
making a photo-crosslinked film; however, it depends the
physical properties and color of the porogen. Also, some
porogens may block the UV light thereby make the photo-
crosslinking procedure inefficient. Thus, the photocrosslink-
able, biodegradable material according to the invention may
or may not include a porogen depending on the final product
desired.

The material may further include particulate or fiber rein-
forcement materials. Hydroxyapatite is especially advanta-
geous to serve as a reinforcement material because of its
similarity in composition to bone mineral, bioactivity and
promotion of cellular function, and osteoconductivity. The
reinforcement materials may also include single-wall carbon
nanotube.

The material may further include one or more bioactive
agents. A “bioactive agent” as used herein includes, without
limitation, physiologically or pharmacologically active sub-
stances that act locally or systemically in the body. A bioac-
tive agent is a substance used for the treatment, prevention,
diagnosis, cure or mitigation of disease or illness, or a sub-
stance which affects the structure or function of the body or
which becomes biologically active or more active after it has
been placed in a predetermined physiological environment.
Bioactive agents include, without limitation, enzymes,
organic catalysts, ribozymes, organometallics, proteins, gly-
coproteins, peptides, polyamino acids, antibodies, nucleic
acids, steroidal molecules, antibiotics, antimycotics, cytok-
ines, growth factors, carbohydrates, oleophobics, lipids,
extracellular matrix and/or its individual components, phar-
maceuticals, and therapeutics.

The self-crosslinkable and/or photocrosslinkable, biode-
gradable material may also include an accelerator. Non-lim-
iting example accelerators include toluidines (such as N,N-
diethyl-p-toluidine (“DET”) and N,N-dimethyl-o-toluidine
(“DMT™)), acetyl phenylhydrazine, maleic acid, quinines
(such as napthaquinone and anthraquinone), and alkyl mer-
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captans. Often, in a photocrosslinking process, an accelerator
is not needed because the whole procedure is rather short
(e.g., less than 30 minutes).

In another aspect, the invention provides a biocompatible
scaffold for tissue regeneration. The scaftold includes a bio-
degradable matrix including a copolymer including caprolac-
tone units and fumarate units wherein the copolymer is pre-
pared by reacting a poly(caprolactone)diol and fumaric acid
or a salt (preferably, fumaryl chloride) thereof in the presence
of an alkali metal salt. The copolymer may have a number
average molecular weight of 4000 daltons or greater. Prefer-
ably, the copolymer is clear in solution or melt state. The
matrix may include particulate or fiber reinforcement mate-
rials such as hydroxyapatite. The matrix may include one or
more bioactive agents. The scaffold may be porous.

Inan example embodiment of this invention, we have made
colorless or light-colored poly(caprolactone fumarate) using
potassium carbonate as the proton scavenger. Furthermore,
we have modified prior PCLF synthesis processes to make the
time consumption much shorter and the molecular weights of
the final products higher. The newly synthesized PCLF has
been tested to show it is self-crosslinkable by both redox
initiation and photoinitiation. It is potentially useful as an
injectable material in various research and clinical applica-
tions. In addition, the dark color in the previously developed
PCLF interferes with various cell and tissue staining tech-
niques. We expect the new colorless PCLF will allow much
greater visibility of cells and tissues for in vitro and in vivo
assays.

The scaffold may be formed from a copolymer according
to the invention using various techniques. For example, a
block copolymer of poly(propylene fumarate) and poly(e-
caprolactone) according to the invention may be extruded,
injection molded or compression molded into a scaffold.
Alternatively, solid free-form fabrication methods may also
be used to form the scaftold from a copolymer according to
the invention. Non-limiting examples of solid free-form fab-
rication methods include stereo-lithography, selective laser
sintering, ballistic particle manufacturing, fusion deposition
modeling; and three dimensional printing. The macrostruc-
ture and porosity of the scaffold can be manipulated by con-
trolling printing parameters, and these features can be
designed and tailored using computer assisted design (CAD)
for individual patients. U.S. Pat. Nos. 6,530,958, 5,869,170,
5,518,680 and 5,490,962 provide examples of solid free-form
fabrication methods. See also, Hutmacher et al., “Scaffold-
based tissue engineering: rationale for computer-aided design
and solid free-form fabrication systems”, Trends in Biotech.
2004, 22(7):354. These patents and publications and all other
patents and publications cited herein are incorporated herein
by reference.

The applications of the material extend beyond scaffolds
and bone cement. The self-crosslinkable and/or photo-
crosslinkable, biodegradable material including a copolymer
according to the invention is suitable as a crosslinkable poly-
mer in many biomedical applications. Since it is crosslink-
able, a micropatterned surface can be made using this mate-
rial. The material can also form a polymer network with
controlled swelling ratios in a variety of solvents which make
the material a sorbent for organic solvents or a carrier for
catalysts.

As used herein, a “biocompatible” material is one which
stimulates only amild, often transient, implantation response,
as opposed to a severe or escalating response. As used herein,
a “biodegradable” material is one which decomposes under
normal in vivo physiological conditions into components
which can be metabolized or excreted. As used herein, a
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“bioresorbable” material is one that breaks down over a finite
period of time due to the chemical/biological action of the
body. By “injectable”, we mean the copolymer may be deliv-
ered to a site by way of a medical syringe. By “self-crosslink-
able”, we mean the functional groups of a polymer according
to the invention may crosslink with the functional groups of
the same polymer or another polymer according to the inven-
tion without a crosslinker that forms crosslinks between the
functional groups of a polymer according to the invention and
the functional groups of the same or another polymer accord-
ing to the invention. By “photocrosslinkable”, we mean the
functional groups of a copolymer according to the invention
may crosslink with the functional groups of the same polymer
or another copolymer according to the invention by applica-
tion of photons (e.g., UV light) in the presence of a photoini-
tiator.

The term “molecular weight” in this specification refers to
“weight average molecular weight” (M, =2,N,M, /2N M,).
Although weight average molecular weight (M, ) can be
determined in a variety of ways, with some differences in
result depending upon the method employed, it is convenient
to employ gel permeation chromatography. As used herein,
the term “number average molecular weight” (M,,) refers to
the total weight of all the molecules in a polymer sample
divided by the total number of moles present (M,=2,N,M,/
Z,N,). Although number average molecular weight can be
determined in a variety of ways, with some differences in
result depending upon the method employed, it is convenient
to employ gel permeation chromatography. As used herein,
the term “polydispersity” (DPIin Table 1) refers to the ratio of
amaterials’ “weight average molecular weight” divided by its
“number average molecular weight” (M,,/M,)).

EXAMPLES

The following examples have been presented in order to
further illustrate the invention and are not intended to limit the
invention in any way.

Example 1

Synthesis of Poly(Caprolactone Fumarate)
Macromer

A general synthesis scheme for poly(caprolactone fuma-
rate) is shown in FIG. 1. PCL diols [a,w-dihydroxy poly(e-
caprolactone)| with nominal molecular weights of 530, 1250,
and 2000 g-mol~! were purchased from Aldrich Co. (Milwau-
kee, Wis.) and had the chemical structure as H—[O(CH,),
C0—],,O0CH,CH,—0—CH,CH,O[—OC(CH,)s0],—H.
Prior to copolymerization, a certain amount of PCL diol was
dried overnight in a vacuum oven at 50° C. All the other
chemicals in the invention were also purchased from Aldrich
Co. Methylene chloride was dried and distilled over calcium
hydride before the reaction. Fumaryl chloride was purified by
distillation at 161° C. Ground potassium carbonate was dried
at 100° C. for 2 days and then cooled down at vacuum con-
dition.

Fumaryl chloride, poly(e-caprolactone)diol, and potas-
sium carbonate were measured outina0.95:1:1.2 molar ratio.
The PCL diol was dissolved in methylene chloride (1:2 by
volume) and placed in a 1 L three-neck flask along with the
powdered potassium carbonate. This mixture was stirred with
an overhead mechanical stirrer to form a slurry. Fumaryl
chloride dissolved methylene chloride (1:1 volume ratio) was
added dropwise to the slurry. The reaction mixture was main-
tained at 50° C. under reflux using a condenser. After reacting
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for 12 hours, the mixture was cooled down and transferred to
centrifuge tubes and spun down for 15 minutes at 4000 rpm
until the potassium carbonate was completely removed. The
supernatant was then added dropwise to petroleum ether to
force the polymer out of solution, and the precipitate was
rotary-evaporated to yield a wax-like product.

Characterizations

Gel Permeation Chromatography (GPC) was used to deter-
mine the molecular weight and polydispersity of the poly-
mers herein. The GPC was carried out with a Waters 717 Plus
autosampler GPC system (Waters, Milford, Mass., USA)
connected to a model 515 HPLC pump and model 2410
refractive index detector. Fourier Transform Infrared Spec-
troscopy (FTIR) spectra were obtained on a Nicolet 550 spec-
trometer. All the polymers were analyzed using a zinc
selenide ATR crystal. The resolution of the instrument was
specified as 4 cm™' at a wavenumber of 1000 cm™". Proton
and carbon Nuclear Magnetic Resonance (NMR) spectra
were acquired on Varian Mercury Plus NMR spectrometer
(*H=400.1 MHz, '*C=100.6 MHz) using CDCI, solutions
containing TMS. Differential Scanning Calorimetry (DSC)
was measured on a TA Instruments DSC Q1000 differential
scanning calorimeter at a heating rate of 10° C./min in a
nitrogen atmosphere. To keep the same thermal history, each
sample was preheated from room temperature to 100° C. and
cooled to —-90° C. ata cooling rate of 5° C./min. Then the DSC
scan was recorded via heating from -90° C. to 100° C. In
order to support the DSC results, the amorphous structure of
the copolymers and the crystalline form of three PCL samples
were observed using a Zeiss Axioskop Polarizing Optical
Microscope (POM). Thermogravimetric Analysis (TGA) was
done using a TA model Q500 thermal analyst. The TGA data
were obtained in flowing nitrogen at a heating rate of 20°
C./min. Intrinsic viscosities [1] of the polymers were mea-
sured in toluene at 30.0+0.05° C. with a calibrated Cannon
Ubbehlobe capillary viscometer (Model OC, Cannon Instru-
ment Co.) in water bath equipped with a Lauda ECO-Line
Immersion Circulator (Brinkmann Co.). Toluene was dis-
tilled from CaH, before being used as the solvent.

Crosslinking Process and Scaffold Fabrication

A general crosslinking diagram is shown in FIG. 1.

Thermal-crosslinking process: Benzoyl peroxide (BPO)
and N-dimethyl toluidine (DMT) were used as the free radical
initiator and accelerator, respectively. A typical procedure for
fabrication of scaffolds was as follows. One hundred micro-
liters of initiator solution (50 mg of BPO in 250 microliters of
1-vinyl-2-pyrrolidinone (NVP)) and 40 microliters of accel-
erator solution (20 microliters of DMT in 980 microliters of
methylene chloride) were added in 1.5 g PCLF solution in
500 microliters of methylene chloride and mixed thoroughly.
The polymerizing scaffold was transferred into various
Teflon molds, such as multi-channel tube mode. The mold
was placed in a convection oven for overnight to facilitate
crosslinking. After crosslinking, cylinders or tubes were
removed from the mold before the mold was cooled to ambi-
ent temperature.

Photocrosslinking process: Photocrosslinking was initi-
ated with ultraviolet (UV) (A=380-315 nm) using a photoini-
tiator bisacylphosphinoxide (BAPO, Ciba Geigy). 75 pul of
BAPO solution (30 mg BAPO in 150 pL. methylene chloride)
was added into 1.5 g PCLF solution in 500 microliters of
methylene chloride and mixed thoroughly. The mixture was
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poured to a Petri dish and the Petri dish was placed directly
under UV light for 30 minutes to facilitate crosslinking.

Scaffold fabrication: Similar crosslinking processes can be
done to the mixture of PCLF and porogen (salt with various
size distributions) to make scaffolds with different porosity,
which can be controlled by the content of porogen. After
crosslinking, salt was leached out by place the scaffolds in
distilled water for 3 days, during which time water changes
frequently. The scaftolds were dried in vacuum for at least 12
hours.

Characterizations of materials used and copolymers pro-
duced in the Examples are shown in FIGS. 2-9.

Table 1 below shows molecular characteristics and physi-
cal properties of PCL precursors, PCLF macromers, and their
crosslinked products.
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drates, oleophobics, lipids, extracellular matrix and/or
its individual components, pharmaceuticals, therapeu-
tics and mixtures thereof.

2. The scaffold of claim 1 wherein:

reinforcement materials comprise hydroxyapatite.

3. The scaffold of claim 1 wherein:

the scaffold is porous.

4. A method of making a scaffold, the method comprising:

preparing a copolymer by reacting (i) a poly(e-caprolac-
tone)diol and (ii) fumaric acid or a salt thereof in the
presence of potassium carbonate to form a repeating
polymer of polycaprolactone fumarate wherein the
copolymer is photocrosslinkable, colorless or light col-
ored, and clear in the melt state;
forming a biodegradable matrix of the copolymer;

TABLE 1

% PCL

(Wt. %) Thermal Properties (° C.)

M,, M, Feed m] T, T. AH, X, T,

Polymer (Dalton) (Dalton) DPI Ratio NMR (dL-g™) (°C.) (°C) (J/g) (%) (°C)
PCL530 1270 770 1.65 100 100 0.04  -80.6 262 522 386 354
PCL1250 3030 1710 1.77 100 100 0.07  -73.5 434 611 453 386
PCL2000 5320 3970 1.34 100 100 011  -68.5 487 767 568 392
PCLF530a 6050 3520 172 914 89.5 — =591 292 462 374 387
PCLF530b 6120 3450 177 910 89.3 —  -61.0 292 467 380 392
PCLF530c 6100 3420 178 91.0 89.0 010  -57.6 29.5 454 370 390
PCLF1250 15800 9000 176 957 943 019  -62.7 439 61.0 472 399
PCLF2000 12000 7300 176 981 967 016  -62.7 457 670 50.6 399
Crosslinked — — — 910 — — =545 275 127 001 —
PCLF530
Crosslinked — — — 957 — —  -585 357 268 207 —
PCLF1250
Crosslinked — — — 981 — —  -587 431 471 356 @ —
PCLF2000

Thus, the invention provides photocrosslinkable, biode- adding a particulate or fiber reinforcement materials to
gradable poly(caprolactone fumarate) that in one application the matrix; and
can be injected and then hardened in situ to form scaffolds for forming a scaffold of the matrix using a method selected
tissue and/or skeletal reconstruction. 40 from the group consisting of: extrusion, injection

molding, compression molding and a solid free-form
INDUSTRIAL APPLICABILITY fabrication method.
. . . . 5. The method of claim 4 further comprising:

"[(;hi{)reseint 1nV§:nt101t1re?lellteI§ tofphot.ocrosslflfnlfgblfe, btl.Ode' adding to the matrix a bioactive agent selected from
gre(li/a 11)10 tyrlnenc m? er1te} § for forming scatiolds fortissue 5 enzymes, organic catalysts, ribozymes, organometal-
an Aloéls e E 31 recons ?C 10nt.. has been described ; lics, proteins, glycoproteins, peptides, polyamino acids,

d b?u%l ; ,61: pr.filslen flnven 10tn a; cen ei)sc(ril. © ltn con- antibodies, nucleic acids, steroidal molecules, antibiot-
Si(jf]rad . the alrtWI.H re erepcte ﬂol iiham em to' 1me11. 5, one ics, antimycotics, cytokines, growth factors, carbohy-
Z c in (fba \:ﬁ aﬂp;pre&llag a'b Zpre%er:i.lnvertl lonhc,aﬁ drates, oleophobics, lipids, extracellular matrix and/or

¢ practiced by otherthan the described embodiments, which -5, its individual components, pharmaceuticals, therapeu-

have been presented for purposes of illustration and not of
limitation. Therefore, the scope of the appended claims
should not be limited to the description of the embodiments
contained herein.

The invention claimed is:
1. A scaffold for tissue regeneration, the scaffold compris-
ing:

a biodegradable matrix comprising a copolymer including
caprolactone units and fumarate;

wherein the copolymer is photocrosslinkable, colorless or
light colored, and clear in the melt state;

wherein the matrix includes particulate or fiber reinforce-
ment materials and a bioactive agent selected from
enzymes, organic catalysts, ribozvmes, organometal-
lics, proteins, glycoproteins, peptides, polyamino acids.
Antibodies, nucleic acids, steroidal molecules, antibiot-
ics, antimycotics, cvtokines, growth factors, carbohy-
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tics and mixtures thereof.

6. The scaffold of claim 4 wherein the solid free-form
fabrication method is selected from the group consisting of
stereo-lithography, selective laser sintering, ballistic particle
manufacturing, fusion deposition modeling, and three dimen-
sional printing.

7. The scaffold of claim 1, wherein the copolymer is pre-
pared by reacting (i) a poly(e-caprolactone)diol and (ii)
fumaric acid or a salt thereof in the presence of potassium
carbonate to form a repeating polymer of polycaprolactone
fumarate.

8. The scaffold of claim 1, wherein the scaffold is formed
using a method selected from the group consisting of: extru-
sion, injection molding, compression molding and a solid
free-form fabrication method.

9. The scaffold of claim 1, wherein the copolymer is col-
orless.
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10. The method of claim 4, wherein the copolymer is
colorless.

11. The scaffold of claim 8, wherein the solid free-form
fabrication method is selected from the group consisting of
stereo-lithography, selective laser sintering, ballistic particle
manufacturing, fusion deposition modeling, and three dimen-
sional printing.

12. The scaffold of claim 7, wherein:

the copolymer is prepared by reacting (i) a poly(e-capro-

lactone)diol and (ii) a fumaryl halide.

13. The scaffold of claim 7, wherein:

the copolymer is prepared by reacting (i) a poly(e-capro-

lactone)diol and (ii) fumaryl chloride.

#* #* #* #* #*
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